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Chapter 1
Introduction
Neutron multiplicity investigations and measurements of the fission fragment
characteristics in neutron-induced fission reactions on actinides such as 239Pu and
235U in the thermal and resonance energy ranges are very important. First of all,
these investigations are necessary for better understanding the basic physics of
the fission process. The amelioration of our knowledge of the fission phenomenon
lies in particular in the determination of the following nuclear properties:
• the deformation of the two fragments near the scission point;
• partition of Q-value between different degrees of freedom: excitation energy,
leading to neutron and γ emission, and kinetic energy;
• the influence of the spin on the emission of the fragment yield and the
emission of prompt neutrons.
These investigations are also relevant in reactor control and safety issues. Fis-
sion yield measurements on both 235U [Ham99] and 239Pu [Dem02] have shown
fluctuations of the fission fragment mass distribution from resonance to resonance.
Those fluctuations are larger in the case of 235U. 239Pu is a major actinide and
its importance is growing due to its use in MOX (mixed oxide) fuel elements.
For resolved neutron-resonance energies the fluctuations of the average number
of prompt neutrons, νp, have been observed as a function of incident neutron
energies [Fre74]. The origin of these fluctuations has not been clearly identi-
fied. Comparing prompt neutron multiplicity data from different nuclear data
3
libraries (as ENDF-BVI.8, JEF-2.2, JEFF-3.1 and JENDL-3.3), differences can
be observed for both nuclei 239Pu and 235U (Fig.1.1). So, the neutron multiplicity
investigations for these actinides in resonance neutron induced fission are strongly
needed.
However, the measurement of the fission fragment properties and the deter-
mination of νp for the reaction
239Pu(n,f) in the above mentioned energy region
is rather difficult for several reasons:
• only one measurement of the fission fragment and neutron properties at
thermal and 0.3 eV energy points was performed [Bat04];
• it is necessary to find a good compromise between the need of a thick target
in order to increase the statistics and the high intrinsic α-decay rate of 239Pu
which affects the resolution of the detector;
• it is necessary to have a highly energy-resolved neutron beam;
• the fact that the emitted neutrons have to be measured in coincidence with
fission fragments decreases the geometrical efficiency of the whole detector
system. So, several neutron detectors are needed, which complicates the
acquisition system.
Recently, the problem of the fission fragment property determination for 239Pu
was studied. Due to the thick target a special scheme for the rejection of pile-up
events has been developed [Dem98, Dem02]. It was shown that it is possible to
reject more than 90 % of the pile-up pulses for a 239Pu sample with an activity of∼
1 MBq. But the results showed too large uncertainties. So, several improvements
are necessary in order to obtain a better accuracy. One way is to use the digital
technique. In recent years, digital processing technology is slowly replacing the
traditional analogue technique for nuclear physics applications [Kor03, Bar04].
This new technique is based on the digitalization of the signals from the
detectors and has several advantages:
• it gives the possibility of simplifying the analogue technique when separate
units for the selection and storage of the information are used;
4
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Figure 1.1: Prompt neutron multiplicity for 239Pu (upper part) and 235U (lower part)
from different nuclear data libraries (ENDF-BVI.8, JEF-2.2, JEFF-3.1 and JENDL-3.3).
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• it allows to extract the maximum amount of information contained in the
signal shape. In the case of an ionization chamber this signal contains the
necessary information on the particle kinetic energy, emission angle and
mass;
• it is possible to modify the analysis procedure without repeating the exper-
iment;
• it allows a proper elimination of undesirable events such as pile-up pulses.
However, there is also the possibility to implement special off-line methods
of the pile-up affected pulses correction. This will improve the resolution of
the detection and simplify the studies of fission fragment properties for the
actinides with high α-activity, such as 239Pu.
The aim of this work is to show the feasibility of the experiment on 239Pu(n,f)
using the entirely new experimental technique. To test the digital technique and
to verify the methods of off-line analysis, a 252Cf source is used since here both
the fission fragments and the emitted prompt neutron properties are well known.
The outline of this thesis is as follows: Chapter 2 gives an overview of the
experimental tools used in this work. Chapter 3 explains the analysis procedure
of the digitalized anode signal from an ionization chamber. Chapter 4 gives a
detailed explanation of the analysis procedure of the digitalized signal from a
neutron detector. In Chapter 5 the analysis procedure of the fission fragment
events in coincidence with neutrons is given. The comparison of the results ob-
tained using both the analogue and digital techniques is also presented.
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Chapter 2
Experimental Setup
In this chapter a detailed description of the experimental tools is given. The
working principles of the detectors (an ionization chamber and a neutron detector)
and the acquisition system are described.
2.1 The 252Cf Sample
The 252Cf sample was prepared in September 2003 at the Khlopin Radium In-
stitute, Russia. The sample had an activity of 3.5 · 104 Bq, a thickness of Cf
∼ 3.4 ng/cm2 and was evaporated on a Ni backing layer of 250 nm thickness.
The sample holder material is Al with a thickness of 0.5 mm. The active target
diameter is 10 mm. The target isotopic composition as well as the fission rates
of the source at the beginning (10 February 2005) and at the end (27 April 2005)
of the experiment are listed in Table 2.1. The contributions from 249,250,251Cf (sf)
are negligible.
2.2 The Ionization Chamber
A double Frisch-grid ionization chamber (IC) was used as a fission fragment
detector. As shown in [Bud87], it is possible to obtain the fragment kinetic
energy, the emission angle and the fragment mass by measuring in coincidence
the pulse-height of the signals from the chamber electrodes for each fragment. The
7
2.2 The Ionization Chamber
Isotope Initial Isotopic Fission rates
Composition (in Atom %) 13.09.2003 10.02.2005 27.04.2005
249Cf 12.17 2.49 · 10−7 2.48 · 10−7 2.48 · 10−7
250Cf 15.93 1.34 1.24 1.23
251Cf 7.49 1.18 · 10−9 1.18 · 10−9 1.18 · 10−9
252Cf 64.41 1070 737 698
total 100.00 ∼ 1071 ∼ 738 ∼ 699
Table 2.1: Initial isotopic composition of the 252Cf target and the fission rates at the
moment of the preparation (13 Sept. 2003), beginning (10 Feb. 2005) and end (27 Apr.
2005) of the experiment.
ionization chamber covers ∼ 4pi geometry. The schematic view of the detector is
shown in Figure 2.1.
The detector consists of two parallel ionization chambers with Frisch grids and
a common cathode. The 252Cf sample is mounted at the center of the cathode.
The anodes and cathode are stainless steel plates with a circular shape and with
a diameter of 177.8 mm. The grids were made with a 50 µm thick wire mesh and
were grounded. The chamber was operated with a gas flow of 0.1 l/min of P-10
mixture (90 % Ar + 10 % CH4) and the pressure in the chamber was kept at ∼
1050 mbar. The P-10 gas mixture was chosen for the following reasons:
• the recombination effects are less prominent in this gas mixture;
• the pulse height for this gas mixture is very little dependent on the pressure
and voltages applied to the ionization chamber [Ham95];
• the pulse height defect is small [Ham95, Tov02].
The bias voltage applied to the cathode was -1700V, and +1000V for the
anodes. The distances between the grid - anode and the cathode - grid are 6 mm
and 30 mm, respectively. The distance cathode - grid is chosen according to the
8
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requirement that all fission fragments should be stopped in the space between the
cathode and the grid.
Figure 2.1: Schematic view of the ionization chamber with 2 anodes, 2 Frisch grids and
common cathode.
The detection principle is based on the collection of all charges created in the
volume between the cathode and the grid during the ionization of the atoms of the
counting gas. Due to the electrostatic field the positive ions drift to the cathode
and the free electrons move towards the anode. Several criteria should be taken
into account. First of all, in order to keep the grid as transparent as possible for
the electrons the following criterion is required (according to [Bun49]):
EA
EC
≥ 1 +
2pir
g
1− 2pir
g
, (2.1)
where EA and EC are the electric fields at the anode and cathode sides,
respectively; r is the radius of the grid wire (r=0.05 cm) and g is the distance
between two wires of the grid (g=0.1 cm). Another criterion is the optimization
of the electric field. The field should be strong enough to allow the collection of
almost all charges, but weak enough not to cause secondary ionization effects.
The detailed description of the signal generation in an ionization chamber is
given in [Bud87, Viv98]. In an ideal case when the electron collection is completed
and, at the same time, the anode is shielded by the Frisch grid from the induction
9
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of the moving charges in the volume between grid and cathode, the total charge
induced on each of the electrodes is given by:
Q−anode = −n0e, (2.2)
Q−cathode = n0e(1−
X
D
cos θ), (2.3)
Q−grid = n0e
X
D
cos θ, (2.4)
Q−sum = Q
−
anode +Q
−
grid = −n0e(1−
X
D
cos θ), (2.5)
where n0 is the number of ion pairs created in the detector gas; X - the center-
of-gravity position of the ionization track; D - the cathode-grid distance; θ - the
angle between the normal of the cathode and the particle track (see Fig.2.1).
In case of the analogue technique the four signals Qanode,i and Qsum,i (where
i=1,2 for backing and sample sides, respectively) are used for the analysis. The
anode signals Qanode,i provide the information on the fission fragment kinetic
energy, while the signals Qsum,i which are the sum of the anode and grid signals
provide the information on the fragment emission angle. The time dependence
of the charge induced on each electrode is shown in Fig.2.2 (from Ref.[Bud87]).
In case of the digital processing technology the information on the particle,
i.e. kinetic energy and emission angle, is contained in the signal shape. This in-
formation can be extracted using the procedures of the digitalized signal analysis
explained in Chapter 3.
2.3 The Neutron Detector
Scintillator detectors are widely used in nuclear physics for neutron spectroscopy
since they have good n-γ discrimination capability [Smi68], high detection effi-
ciency for fast neutrons [Kno00] and relatively good resolution [Ver68]. When
10
2.3 The Neutron Detector
Figure 2.2: Signal outputs from the anode, grid and sum of the two signals for fission
fragments emitted with an angle θ=900 (solid line), 450 (dotted line), 00 (dashed line).
11
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Figure 2.3: The neutron detector (liquid scintillator NE213 coupled to a Photomultiplier
XP2041 inside aluminium housing).
a nuclear particle strucks certain materials it emits a small flash of light, i.e. a
scintillation. These materials are known as scintillating materials. The radiation
passes through the material of the detector, its atoms and molecules are excited.
Deexcitation photons are then emitted. By coupling the scintillator to an ampli-
fying device such as a Photomultiplier (PM) which converts the scintillation into
electric pulse one can obtain a particle detector. The analysis of the electrical
pulse gives the information concerning the incident radiation.
Several types of scintillator materials exist: organic crystals, organic liquids,
plastic etc.. The liquid organic scintillator NE213 is chosen in the present exper-
iment as it satisfies the following requirements:
• the detector should be efficient for the detection of fast neutrons;
12
2.3 The Neutron Detector
Ionization 
chamber
Neutron 
detector inside 
shielding
Figure 2.4: Experimental set-up with the ionization chamber and well collimated neutron
detector inside shielding.
• the detector should exhibit a good n - γ discrimination.
In the present experiment, a 15 cm diameter and 6 cm thick NE213 liq-
uid scintillator coupled to a 10 cm diameter XP2041 photomultiplier was used
(Fig.2.3), on loan from the CEN Bordeaux Gradignan. The detector was placed
in a polyethylene shielding at a distance of 1.47 m from the IC (see Fig.2.4). The
solid angle covered by the neutron detector is 0.064 %. The anode signal of the
PM was used in the Time-of-Flight (TOF) technique and for the identification
and discrimination between γ-rays and prompt neutrons by means of Pulse Shape
analysis.
13
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2.4 Electronics and Data Acquisition
2.4.1 Data Acquisition Software
The data acquisition is based on 2 synchronized waveform digitizers (WFD) from
FAST-ComTec company [Fast]. The used waveform digitizers are fast 12 bit ana-
logue/digital converter boards which are PCI bus compatible. They are able to
work in different sample rates and numbers of input channels. In the present work
one WFD1 (one input channel, 200 MHz sampling frequency, i.e. 5 ns/channel)
was used to record the sum of the anode signal of the neutron detector with the
cathode signal of the ionization chamber. At the same time the second WFD2
(2 input channels, 100 MHz sampling frequency, i.e. 10 ns/channel ) was used
to record the fission fragment waveforms. The cathode signal from the IC gives
the start-time (fission) while the anode signal from the neutron detector gives the
stop-time (neutron or γ-rays). Both time stamps are used for the determination
of the neutron energy using the TOF technique. The digitalized signals were
stored on the hard disk event by event.
Data storing was carried out by a software based on a LabView programming
environment. It is a graphical development environment designed by National
Instruments Laboratory [NILab] and adjusted for our purposes by FAST-ComTec
[Fast]. This software allows us to interface with electronical digitalized signals, to
store the experimental data on a disk as well as to apply a simple data analysis
for meaningful information.
Fig.2.5 shows the layout of the LabView software. Here, the 4 upper windows
visualize the signals that arrive at the first WFD and the 4 bottom windows are
reserved for the second WFD. During the experiment, the first and third display
rows show the digitalized signals while the other windows give the simple pulse
height analysis (second and fourth rows). In our experiment only one upper
window was used for WFD1 (1 channel available) and 4 bottom windows were
used for WFD2 in order to display the fission fragment events. All experimental
data are stored on the hard disk of a fast PC system.
The Wave Form Digitizers can work in external or internal trigger modes.
The description of each mode will be given in the following paragraphs, as well
14
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Figure 2.5: Schematic layout of the LabView programming environment. 4 upper
windows are reserved for the signals arriving to WFD1; 4 bottom windows used for the
signals arriving to WFD2.
as the choice of the optimized experimental set-up for the present work.
2.4.2 External Trigger Mode
The experiment was planned to be done in 2 separate steps: to measure the fis-
sion fragments in and without the coincidence with the emitted prompt neutrons.
In both measurements WFDs worked in the external trigger mode. The external
trigger for WFD should be a TTL signal. This signal was created in different
ways for both experiments.
15
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Figure 2.6: Schematic layout of the measurement with external trigger of fission frag-
ments in coincidence with emitted prompt neutrons (2-3 trigger events/sec). PA - Pream-
plifier; TFA - Timing Filter Amplifier; CFD - Constant Fraction Discriminator; HV - High
Voltage; CU - Coincidence Unit; WFD - Wave Form Digitizer; PC - Computer.
1st step: measurement of the fission fragments in coincidence with
the emitted prompt neutrons.
Fig.2.6 presents the experimental diagram for the measurements of the fission
fragments and emitted prompt neutrons in coincidence. Both WFDs were set to
work in the external trigger mode, i.e. there is a signal created externally and
16
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then sent to the trigger input of the WFD1. The WFD1 was set to be a ”master”
board while the WFD2 was set as a ”slave” board. As soon as the work of both
digitizers is synchronized, it is sufficient to send the trigger signal to only one
digitizer marked as ”master”.
The dynode signal from the neutron detector and the cathode signal from
the IC were used to create the trigger signal for both WFDs. First of all, the
dynode signal was inverted in the linear Fan In/Out [LeCroy] and then was sent
to the Constant Fraction Discriminator (CFD) [ORTEC]. One output signal of
the CFD was fed to the ”input B” of the coincidence unit (CU). The cathode
signal from the IC after amplification by the charge-sensitive Preamplifier (PA)
and by the Timing Filter Amplifier (TFA) was fed to the CFD input. One out-
put signal of CFD was fed to the ”input A” of the CU while the second output
signal of CFD was sent to a Dual Gate Generator (DGG) where the coincidence
window was created. This coincidence window was sent to the ”Veto input” of
the CU. When both the cathode signal of the chamber and the dynode signal
of NE213 arrive within the coincidence window, the CU creates a signal that is
then fed to the DGG. The TTL signal from the dual gate generator was used as
the external trigger signal. Both anode signals from the IC were amplified by the
charge-sensitive PA [Bon03] and were sent to the 2 channels of the WFD2. The
cathode signal from the IC and the delayed signal from the NE213 was sent to
channel 0 of the WFD1 through Fan In/Out.
2nd step: measurement of the fission fragments without coincidence.
The experimental set-up for the measurement of the fission fragment proper-
ties without the coincidence with emitted prompt neutrons is presented in Fig.2.7.
For this experiment the external trigger signal was created only from the cathode
signal of the IC (timing output of the preamplifier). This set-up is similar to the
one used in the analogue experiments and can be used for the measurements of
fission fragment properties.
Encountered problems with the external trigger mode.
17
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Figure 2.7: Schematic layout of the measurement with external trigger of the fission frag-
ments without the coincidence with emitted prompt neutrons (∼ 800 trigger events/sec).
PA - Preamplifier; TFA - Timing Filter Amplifier; CFD - Constant Fraction Discriminator;
DGG - Dual Gate Generator; WFD - Wave Form Digitizer; PC - Computer.
The dead time of the whole system should be the same for the measurements
of the fission fragments (FF) with or without coincidence with the emitted prompt
neutrons. The dead time is the finite time required by the detector to process an
event which is usually related to the duration of the pulse. The dead time de-
termination is explained below (see section 2.5.2). During the test measurements
using the set-ups with external trigger created in different ways the number of
the trigger signals sent to the WFD input was different for each experiment (with
and without the coincidence between FF and neutrons). Unfortunately, the num-
18
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ber of events acquired by LabView was different from the number of the trigger
events sent to the WFD. In addition, the dead times for the different number of
the trigger events were not equal. The problem of the different dead time must be
avoided for the experiments dedicated to the neutron multiplicity determination.
One way to solve this problem is to use the internal trigger mode for the WFDs
triggering.
2.4.3 Internal Trigger Mode
The experimental set-up where both waveform digitizers work in the internal
trigger mode satisfies all requirements and can help to solve the problem of the
different dead time. Using this experimental set-up it is possible to measure
simultaneously the fission fragment in coincidence with the emitted prompt neu-
trons and, in the same experiment, measure the fission fragments without the
coincidence with emitted prompt neutrons.
The block diagram of the electronics used with internal trigger mode is pre-
sented in Fig.2.8. The signals from both anodes of the IC were fed into the
charge-sensitive PA. Then the output signals from the preamplifiers were fed di-
rectly into 2 channels of the WFD2 running with the sampling frequency of 100
MHz. The cathode signal of the IC was fed into the same type of PA; then the PA
output signal was sent to the Timing Filter Amplifier (TFA) and to the Constant
Fraction Discriminator (CFD). The trigger level of the CFD was set above the
noise level. The output signal of the CFD has a rectangular shape and is used
as the trigger after the summation in the Linear Fan In/Out with the detector
pulse. This sum is sent to the channel 0 of the WFD1 running with the frequency
of 200 MHz. This board is set as a ”master” board for the trigger and timing
synchronization, while the second WFD was set as a ”slave” board. In this case
both boards are triggered by any signal arriving into the channel 0 of the WFD1
(cathode signal plus detector pulse or only detector pulse). The parameters of
the internal trigger (posttrigger channels, negative edge, voltage limits within the
signal) were set in the LabView software. If the input signal corresponds to the
requirements for the internal trigger, it triggers both WFDs and the acquisition
starts. The cathode signal from the IC indicates the ”start” of the fission and the
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Figure 2.8: Schematic view of the experimental set-up with internal trigger. HV - High
Voltage Supply; PA- Preamplifier; TFA - Timing Filter Amplifier; CFD - Constant Fraction
Discriminator; PM - Photomultiplier; WFD - Wave Form Digitizer
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detector pulse gives the ”stop” position needed for the TOF spectrum determi-
nation. The procedure of the determination of ”start” and ”stop” positions for
the TOF spectrum will be explained in the Chapter 4.
2.5 Measurements and Data Sorting
2.5.1 The Experiment
The experiment ran for 53.36 days (i.e. 1 280,68 h). The acquired data rate per
day was ∼ 40 Gb. The data were stored on a fast removable hard disk with a 120
Gb capacity. When the disk was full, the experiment was stopped, then the disk
replaced and the experiment restarted. The total amount of data was reduced in
order to be able to store all data on the available disk space. The total number of
events acquired with the LabView software was ∼ 1.1 · 109 events. These events
include:
• the fission fragment events (cathode and 2 FF) plus the neutron detector
pulse;
• the fission fragment events (cathode and 2 FF) without coincidence with
the neutron detector pulse;
• the cathode pulse and one of the fission fragments with or without the pulse
from NE213;
• the events containing only the neutron detector pulse.
During the experiment the LabView software counted the events saved on the
disk. At the end of the experiment we had 21 series. Every series corresponds to
the measurements during several days before the change of the full disk. After
a simple preliminary analysis of the experimental data, series by series, it was
found that the data of one series were damaged. These data were removed from
the analysis. So, the actual acquisition time is 1 193,68 hours.
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2.5.2 Dead Time Determination
As mentioned above, the dead time is the time required by the detector to process
an event and is insensitive to the next one. When calculating the effect of dead
time, the entire detection system must be taken into account. It was seen that
the dead time is very high which is mainly due to the too slow LabView software.
After the digitalization of the input pulses, the information should be trans-
ferred to the memory of the computer and then stored on the hard disk. This
process takes time and therefore reduces the counting rate. In order to eval-
uate the dead time value of the LabView processing an external pulse counter
was installed. The cathode signal of the ionization chamber and the signal from
the neutron detector were fed into the inputs of the external counter. Summing
the average counting rate (neutron + γ) from the NE213 (161 counts/sec) and
from the ionization chamber (773.79 counts/sec) and comparing the obtained
value to the average counting rate given by the internal LabView counter (230.49
counts/sec) one can determine the dead time. This value is equal to 75.3 %
One can see that the dead time value is very high. But due to the choice of
the internal trigger mode and the possibility to acquire in a single experimental
run the fission fragment events in coincidence with neutrons as well as without
coincidence, the value of the dead time is the same for all type of events. So, this
high value does not affect too negatively the present work.
2.5.3 Data Sorting
As mentioned earlier, during the measurement, a big amount of data was acquired
on the hard disk (about 40 Gb per day). The amount of data had to be reduced
without loosing any information. For this purpose a special software using a
Fortran code was developed. This software separated all experimental data, event
by event, into different files where data were stored in the binary format:
• coinc.nnn - all coincidence events, i.e. fission fragment events in coincidence
with prompt neutrons and γ were stored in the same files;
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• fragm.nnn - fission fragment events, i.e. there are only the signals from the
cathode and both anodes of the IC. As the amount of the data was big,
only every 30th event was stored;
• neutr.nnn - events where both WFDs were triggered by the signal from the
NE213. In that case, the signals from the IC (cathode and 2 anodes) were
absent; there are only the signals from the neutron detector. In order to
reduce the amount of the data only every 10th event was recorded;
• oneff.nnn - several fission fragment events were reported from only one
anode signal.
2.5.4 General Remark
Comparing the digital and the analogue techniques one can say that the digital
technique is about 150 times more demanding in terms of data storage space.
For example, let us consider one event where 2 fission fragments are detected in
coincidence with one neutron. In the analogue technique for the storage of this
event about 14 bytes of disk space are needed: the information 2 anodes + 2 grids
+ 1 cathode + neutron (Qfast and Qslow) => 7 · 16 bit = 112 bit = 14 bytes.
While in the digital technique it is necessary to have about 2 kbytes per event:
2 FF · 256 channels · 2 bytes + 1 neutron · 512 channels · 2 bytes = 2 kb. So,
the digital technique demands more storage space and is time consuming (due
to the high dead time). However, this technique allows a very clean and reliable
determination of the fission fragment and prompt neutron characteristics.
A complete analysis of the experimental data was done off-line. A special
software was developed using the Fortran computer language in order to extract
all necessary information such as the neutron energy, angular, mass and kinetic
energy distributions of the fission fragments. The following chapters explain in
detail the procedures of the off-line analysis of these data. The results of the
analysis are presented as well as a comparison with the data obtained by the use
of the analogue technique.
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Chapter 3
Fission Fragment Analysis
In this section a detailed description of the analysis of the fission fragments with-
out the coincidence with neutrons will be done. The off-line analysis of the fission
fragment events is done with the help of several programs which were initially
developed by Khriatchkov [Khr99], and were improved for the present work.
The programs operate with the anode pulse (see Fig.3.1). In this figure the
cathode signal of the IC recorded by the WFD1 (5 ns/channel) can be seen
together with both signals from the anodes of the IC recorded by the WFD2
(10 ns/channel). The cathode signal indicates the point corresponding to the
beginning of the linear increase of the signal due to the grid inefficiency (that
will be discussed in section 3.1.2). The positions of the anode signal maxima
correspond to the moment of the arrival of the last electrons to the anode. This
position is the same for all anode pulses due to the definite distance between
cathode and anode in the ionization chamber. The time T0 is the time needed
for the electrons to go from the cathode to the anode (T0=1.03 µs).
The programs determine the anode Pulse Height which is proportional to the
kinetic energy; the center-of-gravity of the ionization track from the slope of the
anode pulse from which we can infer the fission fragment emission angle. Hence,
it is important to apply several corrections to the raw pulses such as:
• base line fluctuations;
• calibration of the anode pulses;
• correction for the grid inefficiency;
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• correction for the preamplifier discharge (”ballistic” effect);
• search for the pile-up events and criteria for their rejection.
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Figure 3.1: The typical example of the cathode and anode waveforms (backing and
sample sides). The time T0 is the time needed for the electrons to go from the cathode to
the anode.
Then the programs apply the obtained correction parameters to the anode
pulse and determine the following fission fragment characteristics:
• the ionization track center-of-gravity and pulse height distributions;
• the fission fragment angular distributions. The fission fragment emission
angle with respect to the normal to the cathode can be determined from
the slope of the anode signals. A typical example is given in Fig.3.2, where 2
fission fragments with the same pulse height but emitted at different angles
are presented.
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• the fission fragment energy loss in the sample and backing material of the
target;
• the kinetic energy and mass distributions of the fission fragments.
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Figure 3.2: An example of the signals induced on the anodes by fission fragments with
the same energy (i.e. the same pulse height) but different emission angles (i.e. different
slope).
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3.1.1 Base Line Shift Correction and Relative Calibration
In all programs the first applied correction is the correction for the base line
fluctuation which is caused by the preamplifier (see Fig.3.3).
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Figure 3.3: The base line correction on the anode signals. The upper part shows the
raw anode pulses while the lower part presents the same pulses after the base line shift
correction.
The next correction is the relative calibration of the anode pulse height due to
the different amplification of the Preamplifiers (PA). The amplitude calibration is
performed by connecting each preamplifier to the anodes and to a pulse generator.
The voltage from a generator was fed into the test input of PA. The output of
the preamplifiers was transmitted to the oscilloscope. For each preamplifier the
following relation was obtained:
signali(V olt) = aiPHi(channels) + bi (3.1)
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where i = 1,2 stand for backing and sample, respectively.
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Figure 3.4: The relative calibration of anode pulses due to the different amplification of
the preamplifiers.
Finally, using the parameters of the linear fits (see Fig.3.4) the raw data are
corrected via:
PHi(channels) =
signali(V olt)− bi
ai
(3.2)
The next steps are the correction of the anode pulse for the grid inefficiency
and for the preamplifier discharge in order to determine the real pulse height of
the anode signal.
28
3.1 Data Analysis Procedure
3.1.2 Pulse Height Determination
3.1.2.1 Grid Inefficiency
The Frisch grid is used to remove the dependence of the pulse amplitude on
the position of the interaction. The Frisch grid is made to be as transparent
as possible to electrons. Since each electron passes through the same potential
difference between grid and anode and contributes equally to the signal pulse,
the pulse height is now independent of the position of formation of the original
ion pairs. A Frisch grid should provide a sufficient shielding of the anode during
the time when electrons are moving from the cathode to the grid. Unfortunately,
the grid does not shield perfectly and hence a fraction of the charge is already
induced on the anode during the passage between the cathode and the grid.
According to the Bunemann formula [Bun49], it is possible to estimate the
grid inefficiency:
σ =
l
l + p
, (3.3)
where
l =
d
2pi
(
ρ2
4
− lnρ), (3.4)
ρ =
2pir
d
. (3.5)
Here p is the anode-grid distance (6 mm); r is the grid wires radius (50 µm); d
is the distance between the grid wires (0.1 cm). The grid inefficiency, calculated
by these formulas, was found to be 3 %.
As shown in Ref.[Bun49], the Bunemann formula can be used only for the
parallel wire grid. Since, in the present work, a meshed wire grid was used, the
Bunemann formula could not be used to determine the grid inefficiency. One of
the important advantages of the signal digitalization is the possibility to find the
value of the grid inefficiency for the meshed grid directly from the anode signal.
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Figure 3.5: Determination of the tstart and tstop. tstart is determined as the position
of the 10% of the signal maximum (Amax). In this example, the signal was not taken into
account for the average signal determination since ∆T > itr.
The following procedure was applied. The program checks all anode signals
corrected for the base line shift, event by event, and determines the beginning
(tstart) and the end (tstop) of the anode signal formation. For every anode signal,
tstart was determined as the position of the 10 % from the signal maximum (see
Fig.3.5). tstop corresponds to the position of the signal maximum (Amax), i.e. the
time when the last electrons arrive at the anode. Then the value ∆T=tstart - tstop
is compared to the arbitrary chosen value itr (40 channels) . This parameter is
chosen to be small enough in order to select the events emitted with cosθ ∼ 1
(θ being the angle of the fission fragment emission with respect to the normal of
the cathode (see Fig.2.1)). These fragments have little energy loss in the target
material, and the grid inefficiency can be determined properly. As the result of
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the program operation two ASCII files were created. They contain the average
anode signals for 2 parts of the IC, i.e. sample and backing sides. These average
signals were obtained from all anode pulses which satisfy the condition: ∆T ≤
itr. All pulses were summed and then averaged over the number of pulses in this
sum.
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
0
100
200
300
400
500
600
700
800
 
P
u
ls
e
 H
e
ig
h
t,
 m
V
Time, ns
500 600 700 800 900 1000 1100 1200 1300 1400
0
2
4
6
8
10
P
u
ls
e
 H
e
ig
h
t,
 m
V
 
 
Time, ns
 Averaged anode signal
start point
given by 
the cathode signal
Figure 3.6: The average anode pulse and the linear fit of the linear part of the signal
(zoomed figure) used for the determination of the grid inefficiency.
An example of the linear increase (and the linear fit) of this region is shown in
Fig.3.6. As it was mentioned before, due to the grid inefficiency a fraction of the
charge is induced on the anode during the passage in the space between cathode
and grid. This behavior can be seen in Fig.3.6 where the anode signal starts to
increase right after the cathode signal. So, this linear increase region corresponds
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to the grid inefficiency. A linear fit y=a+b·t of this part of the signal can be
done. The parameters of the fit permit to determine the true start of the signal
(y=0):
tstart = −a
b
, (3.6)
and the grid inefficiency σ:
σ =
ystop
Amax − ystop =
a+ b · tstop
Amax − (a+ b · tstop) , (3.7)
where Amax is the maximum amplitude of the averaged anode signal.
The true start (tstart) is the same as the start indicated by the presence of the
cathode signal (see Fig.3.2). Hence, even in a case where the cathode signal is
not saved together with the anode pulses, the above described procedure permits
to determine precisely the start of the fission process.
The grid inefficiency was found to be (1.1 ± 0.3) % for both grids (sample
and backing sides). The uncertainty on the grid inefficiency is due to the choice
of the channels for the linear fit, the linear fit itself and the choice of the value of
itr. The value of the grid inefficiency is lower than the value obtained from the
Bunemann formula. It can be explained from the difference of the grid geometry
for the parallel wire and meshed grids. Meshed grids are designed to provide a
better shielding of the anodes.
3.1.2.2 ”Ballistic” Effect
In the next step the anode signal should be corrected for the preamplifier dis-
charge, so called ”ballistic effect” (see Fig.3.7a). In this figure one can see the
fluctuations of the anode pulse. Due to these fluctuations it is impossible to de-
termine the true stop of the signal (the time of the arrival of the last electrons
to the anode) and the true pulse height of the anode pulse. One can also see
the exponential decrease of the signal due to the preamplifier discharge. So, the
signal should be corrected for the ”ballistic” effect. That correction allows us to
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Figure 3.7: Example of the exponential decrease of the digitized anode signal due to
the preamplifier discharge (a), corrected for the ”ballistic” effect anode pulse (b) and true
pulse height found as the average value. The WFD channel width is 10 ns/channel.
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reconstruct the true anode Pulse Height that will be then used for the fragment
energy determination.
First of all, it is necessary to determine the position of the complete arrival
of all electrons to the anode and the height of the signal maximum at this point.
It can be done by the least square method. These parameters are needed for the
exponential fit of the signal part starting from the position of the last arrival of
all electrons (tstop) down to the end of the signal (end of the channel scale):
Y = Amax · exp(−(t− tstop)
τ
). (3.8)
The obtained values for the preamplifier discharge τ are 84.6 µs and 32.2 µs
for the preamplifiers of the backing and sample sides, respectively. An example of
the correction for preamplifier discharge is displayed in Fig.3.7b. The true pulse
height was found as the average value over all signals starting from tstop till the
end of the anode pulse corrected for the ”ballistic” effect. The values τ , tstop are
then applied to every anode pulse in the next steps of the analysis. Note that
the value of the preamplifier discharge is the same for every anode signal of the
chosen side of the IC (backing or sample) as this value is a characteristic of the
used Preamplifiers.
3.1.3 Rejection of ”Pile-up” Events
In recent years techniques for rejecting pile-up events have attracted the interest of
various scientists. First, a pulse pile-up rejection technique has been developed by
Budtz-Jørgensen and presented in [Bud87]. This technique reduces pulse pile-up
by more than a factor 30. Then, a novel scheme has been developed by Dematte`
([Dem98],[Dem02]) that leads a rejection rate of 90 % of pile-up affected pulses
from a plutonium sample with an activity of ∼ 1 MBq. The pile-up rejection is
necessary in order to avoid wrong determination of the pulse height.
The digitalization gives the opportunity not only to simplify the experimental
set-up, but also to save the fission fragment signals contaminated by the pile-up
events in order to analyse them off-line. In this work such events were rejected
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in the off-line analysis but it is possible to develop and to apply a special off-line
procedure to correct the signal for the pile-up without rejecting this anode pulse
from the whole analysis. It is very useful in particular when we use a very high
α-activity sample.
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Figure 3.8: Examples of the fission fragment events with ”early” (a) and ”late” (b)
pile-up.
When an α-particle occurs before a fission fragment reaches the anode, one
can speak about ”early” pile-up (see Fig.3.8a). A ”late” pile-up corresponds to
α-particle reaching the anode after the fission fragment (see Fig.3.8b).
The following procedure can be applied for the search of such events and their
rejection. The program is carrying out a complex analysis of the initial signal
(no correction for the base-line fluctuations, grid inefficiency and the preamplifier
discharge have been done). This analysis consists in a search for the extra peaks,
matching the initial signal with the zero line as well as matching the position
of an exponential decay for every event with a model signal. This operation is
35
3.1 Data Analysis Procedure
done event by event. The model signal is the signal created from the information
found in the previous steps of the analysis, i.e. position of the ”start” and ”stop”
of the signal, grid inefficiency and the exponential decay. The signal with pile-up
is marked as ”bad” and is rejected from further processing.
3.1.4 Center-of-Gravity and Angular Distributions
The knowledge of the center-of-gravity of the ionization track permits the deter-
mination of the fragment emission angle. In general, this quantity is a function
of the fragment kinetic energy E, mass A and charge Z, i.e. X(E,A,Z):
X =
1
n0
∫ R
0
xρ(x)dx, (3.9)
where n0 is the number of ion pairs created in the detector gas, ρ(x) is the
ionization density along the track, R is the particle range, x is the distance from
the origin of the track.
In the case of the analogue technique the center-of-gravity is determined from
the sum of the grid and the anode signals expressed as (see Ref.[Bud87]):
Psum = −n0e · (1− X
D
cosθ), (3.10)
where D is the cathode - grid distance.
The X
D
cosθ values inferred from the knowledge of the Psum and Panode are
stored versus the anode pulse height into a 2-dimensional matrix. Then the
cosine of the emission angle can be calculated as:
cosθ =
P corranode − Psum
P corranode · XD
, (3.11)
where P corranode is the anode pulse height corrected for grid inefficiency:
P corranode = Panode − σ · Psum, (3.12)
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and where the X
D
values are determined as the length of the 2-dimensional
matrix center-of-gravity versus the anode pulse height.
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Figure 3.9: The schematic view of the center-of-gravity arrival time determination.
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In our experiment we do not determine directly the distance between the origin
of the ionization track and the position of the center-of-gravity of this track. This
distance can be obtained from the electron drift velocity w and the time needed
for the electrons to reach the anode. Figure 3.9 illustrates the schematic view of
the fission fragment track and the corresponding formation of the anode pulse.
When the electrons from the end of the ionization track reach the anode, the
signal pulse starts (istart) and it stops when the last electrons from the origin
of the track arrive at the anode (istop). In order to calculate the time T needed
for the electrons located at the distance X along the track to reach the anode,
we need to determine istart and istop for each event. It can be done using the
following two steps procedure:
• First of all, it is necessary to apply the earlier found corrections to the anode
signal and to reject the pile-up events. The used ”start” position for every
corrected signal is determined as 10 % of the pulse maximum (see Fig.3.5).
The ”stop” position is the position of the maximum of the corrected anode
pulse. This value is the same for all pulses while the ”start” position is
different for each signal due to different fission fragment emission angles.
• Then the current signal from the corrected anode step-like signal is calcu-
lated by the differentiation of the charge pulse. The time T is determined
from this current signal Ni by the following formula:
T =
∑
i(tstop − i) ·Ni∑
iNi
, (3.13)
where i is the channel scale (i=1, 256) with 10 ns channel width. Then this
value is plotted versus the corrected anode pulse height.
Fig.3.10 presents the resulting 2-dimensional distributions for the backing (a)
and sample (b) sides respectively. The projections on the X and Y axes are
presented in Fig.3.11. One can see the shift in pulse height distributions between
the distribution of the backing side and the one for the sample side. It can be
explained by the energy loss of the fission fragment in the sample and backing
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Figure 3.10: The resulting two-dimensional distributions of the ”center-of-gravity arrival
time” T (Eq. 3.13) of the ionization track versus pulse height of the anode signals for the
backing (a) and sample (b) sides of IC.
materials. The effect of this energy loss can be also seen in the left part of Fig.3.11
in the region of small center-of-gravity values.
From the time of the center-of-gravity arrival to the anode, one can infer
the emission angle of the fission fragments. The procedure of the fission fragment
emission angle calculation is similar to the one applied in the case of the analogue
technique. The boundaries of the 2-dimensional matrix in Fig.3.10 corresponding
to cosθ ∼ 0 and cosθ ∼ 1 should be determined. It can be done by plotting for
each anode pulse height channel the projection of the 2-dimensional matrix on
the Y axis. The 2 maxima of this 1-dimensional spectrum give the information
on the T (E) values for cosθ ∼ 0 and cosθ ∼ 1, i.e. Tmin and Tmax values. The
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Figure 3.11: The resulting one-dimensional distributions of the ”center-of-gravity arrival
time” T (Eq. 3.13) of the ionization track (left) and the anode pulse height (right) for the
backing and sample sides of IC.
cosine of the emission angle can then be calculated as:
cosθ =
T − Tmin
Tmax − Tmin
. (3.14)
The values of the cosθ are plotted versus the anode pulse height and the
resulting 2-dimensional distributions for the backing (a) and the sample (b) sides
of IC are shown in Fig.3.12.
The cosθ distributions on the backing and sample (Fig.3.13) sides should be
identical. So, the plot of cosθ2 for the sample side versus cosθ1 for the backing
side should be a line at a 450 angle with respect to both axes (see Fig.3.14).
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Figure 3.12: The resulting two-dimensional distributions of the cosine of the fission
fragment emission angle versus the pulse height for the backing (a) and sample (b) sides
of IC.
By plotting the difference 4cosθ = cosθ1 − cosθ2 one can assess the quality of
the cosθ determination (see Fig.3.15) since the 4cosθ distribution is perfectly
centered on zero. The width if this distribution is mainly due to:
• the angular resolution of the IC;
• the fission fragments which are not perfectly aligned due to the neutron
emission and fission fragment diffusion in the backing.
The information on the emission angle allows us to determine the energy loss
of the fission fragments passing through the target material. The determination
of the energy loss is explained in the next paragraph.
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Figure 3.13: The resulting one-dimensional distributions of the cosine of the fission
fragment emission angle (left) and the anode pulse height (right) for the backing and
sample sides of IC.
3.1.5 Energy Loss
Due to the finite thickness of the target, the fission fragments loose their energy in
the sample and backing of the target. In Fig.3.12 one can see the angle dependent
energy loss of the fission fragments in the sample and backing. The energy loss
of the fission fragments emitted at θ ∼ 900 is higher than the one for the θ ∼ 00.
It can be explained by the fact that fission fragments emitted at θ ∼ 900 are
traveling more distance in the sample and sample plus backing before they reach
the atoms of the counting gas, as can be seen in Fig.3.16. Here dsample and dbacking
are the distances that fission fragments emitted at angle θ with the respect to
the normal to the cathode are traveling in the sample and sample plus backing,
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Figure 3.14: cosθ2 distribution (sample side) versus cosθ1 distribution (backing side).
respectively; tsample and tbacking are the thicknesses of the sample and backing,
respectively.
Let us assume that the fission fragments were emitted at half thickness of the
sample. So, the distance traveled by the fragments in the sample and backing
can be expressed as:
dsample =
tsample
cosθsample
, (3.15)
dbacking =
tsample + tbacking
cosθbacking
. (3.16)
Furthermore, the energy loss in the sample and backing is known to be pro-
portional to dsample and dbacking. So the pulse height can be given as::
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Figure 3.15: The difference in the angular distributions between two sides of the ion-
ization chamber (backing and sample).
PHsample = PH
ideal − ksample · tsample
cosθsample
, (3.17)
where PHideal is the anode pulse height in the ideal case, i.e. if the sample
would have zero thickness. In the same manner one can determine the anode
pulse height on the backing side:
PHbacking = PH
ideal − kbacking · tsample + tbacking
cosθbacking
, (3.18)
where ksample and kbacking are the proportional factors. The program operates
with the 2-dimensional matrix cosθ versus anode pulse height (Fig.3.12) and
searches for the positions of the maxima of the light and heavy fission fragment
groups for various values of the cosine of the fission fragment emission angle. The
maxima of the heavy and light fragment groups are determined by a superposition
of two curves. Therefore, the average loss of the fission fragment in the sample
and backing can be determined by plotting the average anode pulse height of the
44
3.1 Data Analysis Procedure
252Cf sample
Ni backing
FF1
FF2
tbacking
tsample
θbacking
θsample
dsample
dbacking
Cathode
Figure 3.16: Schematic representation of the fission fragment passing through the
sample and backing.
light fragment peak as a function of 1/cosθ. The resulting two sets of data are
presented in Fig.3.17. These two sets should converge to the same point called
PHideal.
The measured average energy loss 4E in the sample is ∼ 0.68 MeV/cosθ and
the one for the backing is ∼ 3.74 MeV/cosθ. The experimental pulse height is
corrected for the energy loss and a new value of the pulse height PHcorrected is
obtained. The PHideal value is used for the calibration of the PHcorrected to the
fragment energy in MeV, as is explained in the next paragraph.
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3.1.6 Mass and Energy Distributions
In any experiment one can assess the properties of the fission fragments only after
the emission of prompt neutrons. Pre-neutron emission mass and energy distri-
butions can be obtained using the iterative procedure described in Ref.[Sch66].
The iteration procedure starts by assuming that the pre-neutron masses m∗1 =
m∗2 =126 (for
252 Cf), where indices 1 and 2 are related to two parts of the ioniza-
tion chamber (backing and sample). The superscript ∗, here and in the following,
indicates fission fragment properties before neutron emission. These pre-neutron
masses have the pre-neutron energies E∗1 and E
∗
2. From the momentum and mass
conservation laws :
m∗1E
∗
1 = m
∗
2E
∗
2 , (3.19)
m∗1 +m
∗
2 = A, (3.20)
46
3.1 Data Analysis Procedure
mi = m
∗
i − νi(m∗i ), (3.21)
where i=1,2; A is the mass of compound nucleus (A=252) and νi(m
∗
i ) is the
number of neutrons emitted from the i-th fragment, one can obtain:
m∗1 = A
E∗2
E∗1 + E
∗
2
, (3.22)
m∗2 = A
E∗1
E∗1 + E
∗
2
. (3.23)
It is obvious that the pre-neutron energy should be known in order to deter-
mine the pre-neutron mass. As mentioned above, during the experiment and after
the off-line analysis one has access to the post-neutron emission properties, i.e.
corrected anode pulse height that is proportional to the post-neutron energy of
the fission fragment. When the experimental values of the anode pulse height are
corrected for the energy loss of the fission fragments in the sample and its backing
one can obtain the post-neutron energies. It can be done by the calibration of
the corrected pulse height to the known value of the average kinetic energy of the
light fragment as:
Ei(MeV ) = E
light
i (MeV ) ·
PHcorrectedi (channels)
PH ideali (channels)
, (3.24)
where PH ideal is the value of the ideal pulse height in channels found during
the energy loss determination (see paragraph 3.1.5), E
light
is the known average
kinetic energy of the light peak for 252Cf, i=1,2 for backing and sample of the
target.
Then the obtained post-neutron energies should be corrected for the Pulse
Height Defect (PHD) as explained in Refs. [Bud87], [Ham95], [Tov02] :
Ecorrectedi = Ei + PHD(mi). (3.25)
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Pulse Height Defect occurs due to the non-ionizing collisions of the fission
fragments and the atoms of the counting gas while these fragments are slowing
down in the gas. The PHD depends on the gas mixture. The detailed explanation
of the PHD calculation is given in Appendix A.
The procedure, developed by Schmitt, Neiler and Walter [Sch66] allows to
deduce the pre-neutron masses m∗i from the experimentally measured quantities.
Let us assume that the fission fragment velocities stay almost unchanged, i.e.
V ∗i =Vi although their kinetic energies change due to the neutron emission. The
reason of this assumption is the conservation of momentum as well as the fact
that the neutrons are emitted isotropically in the center-of-mass-system of the
fragments (in its own reference frame). Therefore:
E∗i = Ei
m∗i
mi
. (3.26)
So, substituting the pre-neutron energies in (Eqs. 3.22 - 3.23) by its expression
as a function of the post-neutron energy (Eq. 3.26), one obtain the pre-neutron
mass as:
m∗1 = A ·
m∗2
m2
E2
m∗1
m1
E1 +
m∗2
m2
E2
, (3.27)
m∗2 = A ·
m∗1
m1
E1
m∗1
m1
E1 +
m∗2
m2
E2
. (3.28)
After the simplification, Eqs. (3.27 - 3.28) become:
m∗1 = A ·
E2
E1
1+β
+ E2
, (3.29)
m∗2 = A ·
E1
E1 + E2 · (1 + β) , (3.30)
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where
1 + β =
m∗2
m2
· m1
m∗1
=
m2 + ν(m
∗
2)
m1 + ν(m∗1)
· m1
m2
=
1 + ν(m∗2)/m2
1 + ν(m∗1)/m1
. (3.31)
The ν(m∗i ) values are taken from Ref.[Bud88]. The iteration procedure is
repeated starting now with the new values of the pre-neutron mass Eqs. (3.29-
3.30). Calculations are finished when the values of m∗i converge to less than 1/8
amu.
The provisional masses can be obtained by assuming β=0, i.e. no neutron
emission. The resulting mass, energy and total kinetic energy distributions for
the 252Cf(sf), as well as the comparison of the obtained results with published
data is presented later in this document. But first, the dependence of the center-
of-gravity to the fragment mass should be considered and taken into account.
3.1.7 Final Correction of the Angular Distribution
In the previous paragraph only the energy dependence of the center-of gravity was
discussed. Actually, X depends not only on the fragment energy but also on the
mass and charge of the fission fragmentsX(E,A,Z). After the neutron correction
one can plot the cosθ as a function of the post-neutron mass (see Fig.3.18 (left)).
The effect of the mass dependence of X can be seen in the two ”wings” at cosθ ∼
1. It can be corrected in the same way as described in paragraph 3.1.4. The
result of the correction is presented in Fig.3.18 (right).
3.2 Results and Comparison with Literature
3.2.1 Results
The resulting pre- and post-neutron fragment mass and kinetic energies distribu-
tions for the backing and sample sides are presented in Fig.3.19.
The kinetic energy distributions for the backing and sample sides should be
identical for both sides of the ionization chamber. It indicates the quality of the
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Figure 3.18: The fragment angular distribution as a function of the post-neutron mass
before correction of the dependence of X on the fragment mass (left) and after correction
(right), respectively.
applied corrections to the anode signal and determination of the post-neutron
energy from the anode pulse.
Good agreement of the present data with literature was observed (see next
paragraph).
3.2.2 Comparison with Literature Data
Analysing pre-neutron energy distributions obtained in this work, one can infer
the mean values for light and heavy peak positions. These values are 104.62 ±
0.5 MeV and 80.2 ± 0.5 MeV, respectively. If we now compare those values with
the known literature data (Tab.3.1) one note a good agreement with the values
recommended by Goennenwein (see Ref.[Gon91]).
The obtained uncertainties are due to the statistics and systematics, i.e. due
to all corrections applied to the anode signal.
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Figure 3.19: Fission fragment pre- and post-neutron mass yields and kinetic energy
distributions (cosθ > 0.5).
If we now compare the mean values of the pre-neutron total kinetic energy
(TKE) presented in Tab.3.1 a good agreement with the values recommended by
Goennenwein [Gon91] is observed. The data collected in this table were obtained
using different methods of fission fragment properties determination such as dou-
ble energy and double velocity methods.
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Literature KE∗L (MeV) KE
∗
H (MeV) TKE
∗ (MeV)
[Whe63] 105.71 ± 1.06 80. ± 0.8 185.70 ± 1.8
[Sch66] 106.2 ± 0.7 80.3 ± 0.5 186.50 ± 1.2
[Bar85] 105.5 ± 0.6 80.3 ± 0.4 185.80 ± 1.0
[Bud87] 102.7 ± 1.1 79.2 ± 1.0 181.40 ± 2.0
[Gon91] 104.7 ± 0.7 79.4 ± 0.5 184.10 ± 1.3
[Tov02] 102.9 ± 1.1 78.9 ± 1.0 181.40 ± 2.0
Present work 104.62 ± 0.5 80.2 ± 0.5 184.82 ± 1.0
Table 3.1: Comparison of the mean values of the pre-neutron fragment kinetic energy
for light and heavy peaks and TKE∗ obtained in this work with literature data.
It is also interesting to look at the pre-neutron mass yields and compare the
mean values for the light and heavy peak positions (Table 3.2). Again we can
note a good agreement of the results obtained using the digital technique with
Goennenwein’s recommendations [Gon91].
Literature Mass∗L (amu) Mass
∗
H (amu)
[Whe63] 108.4 143.6
[Sch66] 108.55 143.45
[Bar85] 108.6 143.4
[Bud87] 109.3 ± 0.1 142.7 ± 0.1
[Gon91] 108.6 143.5
[Tov02] 109.0 ± 0.1 143.0 ± 0.1
Present work 108.76 ± 0.1 143.28 ± 0.1
Table 3.2: Comparison of the pre-neutron fragment mass of the present work with the
literature data
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Figure 3.20: Comparison of the pre-neutron mass yields obtained using the digital (open
circles) and the analogue (black squires) techniques (cosθ > 0.9). The ration between both
distributions must be read at the right scale.
The mass yields obtained using the digital technique (our work) and the ana-
logue one [Ham97] are compared in Fig.3.20. Good agreement can be observed
except may be in the very asymmetric mass region (ML < 80 amu and MH > 170
amu). In our pre-neutron mass distributions the ”shoulders” appear in this very
asymmetric mass region (see also Fig.3.19). Similar behavior was obtained by
Barreau [Bar85]. It is believed that this behavior is not caused by the correction
for prompt neutron emission as reported by Barreau (as explained in 3.2.3).
If we now look at the fragment kinetic energy and total kinetic energy as a
function of the fragment mass (Figs. 3.21-3.22) we can observe a small bump at
MH ≈ 176 amu (see Fig. 3.21) which was also observed by Barreau [Bar85].
The total kinetic energy as a function of the pre-neutron fragment mass is
presented in Fig.3.22 where one can observe the bump at MH=146 amu. This
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Figure 3.21: The fragment pre-neutron kinetic energy (up) and the standard deviation σ
of the kinetic energy (down) as a function of the pre-neutron fragment mass. The presented
small uncertainties are only statistical errors.
small bump was also discussed in [Bar85]. It might be explained by the deformed
neutron shell for N ≈ 88 in the heavy fragment.
In Figs. 3.21-3.22 the standard deviations for the fragment kinetic and total
kinetic energies are presented. Comparing σTKE obtained in this work with the
one from [Sch66] one can see that close to the symmetry (MH=130 amu) σTKE
reaches a maximum value at almost 12.5 MeV while Schmitt reported a value of
14.5 MeV. Our data are in good agreement with the ones obtained by Barreau
[Bar85].
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Figure 3.22: The average total kinetic energy as a function of the pre-neutron mass
(up) and its standard deviation σ (down) as a function of the pre-neutron fragment mass.
3.2.3 Impact of the cosθ Limits Selection
In Ref.[Ham97] it was shown that the enhanced far asymmetric yield in the spon-
taneous fission of 252Cf observed in [Bar85] and [Bud88] is most probably an
artificial effect due to energy degradation. In the present work this enhancement
was not observed; different cosine limits (cosθ > 0.9 and cosθ > 0.5) were con-
sidered and fission fragment yields for the selected angular cones were compared.
It was found by Hambsch [Ham97] that by reducing the angular cone, in order
to take into account only the events for which cosθ > 0.9, the enhancement dis-
appears. In our work this effect was not observed as it can be seen in Fig.3.23
where the mass yields for the two angular cones (cosθ > 0.9 and cosθ > 0.5) are
presented. It can be explained due to the use of the digital technique.
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Figure 3.23: Pre-neutron mass yields for the different cosθ limits.
56
Chapter 4
Prompt Neutron Analysis
In this chapter a detailed description of the off-line analysis of the experimental
data is given. The first part describes the NE213 calibration using γ - sources with
well known energies Eγ. The second part of this chapter describes the analysis
procedure of the neutron detector signals. Two methods used for the time-mark
determination for the Time-of-Flight spectrum calculations are discussed.
4.1 Neutron Detector Calibration
The detection mechanism of a NE213 scintillator is based on proton recoil by
elastic scattering. In order to determine the incident neutron energy and to
estimate the detection threshold it is necessary to calibrate the neutron detector
(to relate the channel number, i.e. the integrated charge of the detector pulses
Qtot, to light outputs) and to know its response function.
The calibration of the liquid scintillator NE213 was performed using 3 γ-
sources with known energies 241Am (Eγ=59.54 keV), 60Co (Eγ=1173 keV,Eγ=1333
keV), 22Na (Eγ=511 keV, Eγ=1274.54 keV). In case of 60Co the value of the light
output Qtot was determined for the average of the 2 lines, i.e. Eγ=1252.87 keV
since the resolution of the NE213 was not sufficient to distinguish both lines. Ev-
ery source was placed at the center of the entrance window of the detector. The
anode signal from the photomultiplier was sent to the channel 0 of the WFD1. In
this measurement the external trigger was created only from the dynode signal
of the NE213 (see Fig.4.1 ).The measuring time of every γ-source was 1 hour.
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Figure 4.1: Schematic layout of the detector calibration measurement. PA - PreAm-
plifier; TFA - Timing Filter Amplifier; CFD - Constant Fraction Discriminator; HV - High
Voltage; CU - Coincidence Unit; WFD - Wave Form Digitizer; DGG - Dual Gate Generator;
PC - Computer
For the calibration measurements the amplification of the neutron detector
was set to be able to see 241Am (Eγ=59.54 keV). During the measurements with
other γ-sources one could observe the signals with the amplitude greater than the
2 Volts. Unfortunately, these signals were not correctly digitized by the WFD
due to its features (12 bit). So, during the analysis the saturated events (with an
amplitude greater than the 2 Volts allowed by the WFD) were rejected. Fig.4.2
presents the spectra in the pulse height scale. One can see the large number of the
events with an amplitude greater than 2V. The rejection of such events does not
influence the calibration curve but influences the detector efficiency, as explained
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later.
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Figure 4.2: Electron recoil spectra for 241Am, 60Co, 22Na in the pulse height scale.
In order to obtain the calibration curve it is necessary to know the light
outputs Qtot. The resulting pulse height distributions for the used γ-sources after
the rejection of the saturated signals are presented in Fig.4.3.
The energy of a Compton-recoiled electron after Compton scattering of an
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Figure 4.3: Electron recoil spectra for the γ-sources with known energies 241Am
(E=59.54 keV), 60Co (Eγ=1252.87 keV),
22Na (Eγ=511 keV, Eγ=1274.54 keV).
incident γ-ray with energy Eγ is given by:
Emaxe− =
2E2γ
mec2 + 2Eγ
. (4.1)
The maximum energy of Compton recoiled-electrons Emaxe− corresponds to the
position 80% down the height of the Compton edge (indicated by the arrows in
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Fig. 4.3). The light, created in the scintillator, is due to the recoiled electrons,
so the Emaxe− is expressed in keV equivalent electron, i.e. keVee. The determined
Compton edge for the corresponding Eγ provides a calibration curve that is pre-
sented in Fig.4.4.
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Figure 4.4: The calibration curve.
The calibration curve shows a very good linearity:
Qtot(channels) = −3.5116 + 0.4025 · Ee−(keV ). (4.2)
In order to determine the resolution of the detector one can perform a Monte
Carlo simulation. To realize this simulation the MCNPX Monte Carlo code
[Wat04] was used that has the capability to simulate the experimental γ-spectra.
However, the resolution parameters have to be known a priori. So, a possible way
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to find these parameters is to simulate the raw γ-spectrum (no resolution) in a
first step. In a second step, a home-made code performs the convolution product
of this raw spectrum with a Gaussian [Lit06]. The Full Width at Half Maximum
(FWHM) of the Gaussian can be expressed by the well-known NE213 resolution
function:
FWHM
E
=
√
α2 +
β2
E
+
γ2
E2
. (4.3)
The Gaussian parameters (the resolution parameters α, β, γ) are obtained by a
minimization procedure, i.e. MINUIT2 package [Jam04] developed at C.E.R.N..
This package is used to minimize the χ2 between the experimental spectrum
and the broadened calculated spectrum. The minimum χ2 gives the resolution
parameters. In our case, the resolution was found to be equal to 12 % at 1 MeV.
The measured and calculated Compton electron pulse height distributions for
22Na and 60Co sources are presented in Fig.4.5
The electron recoil spectra for γ-sources as well as the calibration curve allow
us to find not only the detector resolution but also to determine the value of
Ethreshold from the minimal light output Qtot. For our neutron detector the value
of Qtotmin corresponds to Ee− ∼ 7 keVee (from the Eq. 4.2). According to
Ref.[Sch02] for the NE213 scintillator, Ethreshold for the protons can be determined
from the following response function:
Ee− = 0.83 · Ep − 2.82 · [1− exp(−0.25E0.93p )], (4.4)
where Ee− is expressed in MeVee, i.e. in MeV equivalent electron, and Ep in
MeV.
Finally:
Ee− ∼ 7keV ee => Ep = Ethreshold = 150keV (4.5)
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Figure 4.5: Measured and calculated pulse height spectra for 60Co (up) and 22Na
(bottom) sources.
4.2 Neutron Identification
4.2.1 ”Bad” Events Rejection
The neutron analysis was performed off-line on the coincident events. An example
of such events is presented in the Fig.4.6.
The first step of the analysis is the correction for the base line fluctuation.
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Figure 4.6: Typical waveforms from the ionization chamber and neutron detector.
Then so called ”bad” events should be determined and rejected. Such events were
recorded because both WFD’s were working in internal trigger mode. Examples
of ”bad” events are presented in Fig.4.7:
a) - a saturated detector pulse, i.e. the amplitude of the signal was more than
2V. Only signals with amplitude less than 2V were saved correctly by WFD
(12 bit). In principle, it is possible to reconstruct such events in order to
avoid their rejection as shown by Kornilov [Kor03];
b) - events where the detector pulse appears in the WFDs channels after chan-
nel 458 (i.e. more than 2.29 µsec). In that case it is not possible to determine
correctly the slow component for the Pulse Shape Discrimination (PSD);
c) - events with two or more signals from the cathode of the ionization cham-
ber.
Only after the rejection of such events the further analysis of the data can be
performed.
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Figure 4.7: Examples of the different types of ”bad” events: a) saturated pulse; b)
detector pulse arrives after channel 458; c) 2 or more signals from the cathode.
4.2.2 Pulse Shape Discrimination
The Pulse Shape Discrimination (PSD) in organic scintillators has been known
for many years, particularly for the liquid scintillator NE213. PSD is possible due
to the long-lived decay of scintillator light caused by the specific energy losses
(dE/dx) of the different particles in the detector material. Figure 4.8 illustrates
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the different decay times exhibited by the liquid scintillator.
Figure 4.8: Original pulse shapes (left) and integrated pulses (right) from a NE213
liquid scintillator by interaction of neutrons and γ (Adopted from Ref.[Leo87]).
The shape of the emitted light pulse can be described by a single fast decay
component and a substantial slow component. It is known that the effectiveness
of n/γ discrimination depends on the position and width of the gate at the slow
and fast components. The use of the digital technique allows us to set, off-line, the
best position and width of these gates in order to achieve the best discrimination
between neutrons and γ’s without repeating the experiment. A special software
was developed and the best PSD was achieved with gates of 25 ns for the fast
component and 250 ns for the slow component (see Fig.4.9).
The resulting two dimensional spectrum of the fast component charge versus
the slow component charge is shown in Fig.4.10. Two well separated branches
corresponding to γ-rays and neutrons can be observed.
The quality of the n/γ separation can be assessed by the Figure Of Merit
(FOM) quantity:
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Figure 4.9: The timing windows for the pulse shape discrimination.
FOM =
Snγ
Fn + Fγ
, (4.6)
where Snγ represents the separation of 2 peaks; Fn and Fgamma are the n,
γ peak centroid positions, respectively. This method is similar to the conven-
tional analogue PSD technique. A FOM more than 1 is required for ”good” PSD
(Fig.4.11). In this figure the proton energies Ep for the corresponding Qtot values
(from Fig. 4.10) are determined from the calibration of the neutron detector (Eq.
4.2) and the response function for NE213 detectors (see Eq. 4.4).
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Figure 4.10: Discrimination between γ-rays and prompt emitted neutrons from fission
of 252Cf by Pulse Shape Analysis.
4.2.3 Time-Of-Flight Technique
The Time-Of-Flight (TOF) method was used to determine the energy of the
prompt neutrons from 252Cf(sf) and then to infer the detector efficiency. This
method is based on the measurement of the time difference TTOF between the
neutron production and the moment it hits the detector. The cathode signal from
IC gives the time of the neutron production while the detector signal gives the
time when the neutron is detected in NE213. The time that neutrons and γ’s need
to cover the distance L=1.47 m can be determined as TTOF=Tdet - TIC . As we
will see later, a reliable determination of the ”start” signal (given by the cathode
of IC) and ”stop” signal (given by the anode signal of the neutron detector)
leads to a timing resolution less than the WFD channel width (5 ns/channel in
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Figure 4.11: The spectra of the n/γ separation obtained for the different energies Ep.
our experiment). In order to be able to obtain this resolution the width of the
cathode signal was enlarged in the CFD. Having both signals in one channel we
also avoid the possible problem of the synchronization of different WFD channels.
For the determination of the time marks (Tdet, TIC) and TTOF , different methods
can be applied. In the present work two methods are discussed.
The first method consists in the determination of both time marks as a posi-
tion of the center-of-gravity of signals from the cathode of the IC and anode of
the neutron detector. The time mark for the cathode is obtained by deriving the
increasing part of the signal function (see Fig.4.12).
First of all the maximum of the derived function for the increasing part of the
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Figure 4.12: Determination of the ”start” (left) and ”stop” (right) time-marks needed
for the TOF spectrum calculations using the first method.
cathode signal and its position should be determined. Then two points (Tcath1
and Tcath2) corresponding to the positions of the values less or equal than 0.1·Vmax
are found. Finally, TIC represents the center-of-gravity position of the derived
curve between the points Tcath1 and Tcath2 calculated by:
TIC =
∑
iNiti∑
iNi
, (4.7)
where i=(Tcath1, Tcath2).
A similar procedure is applied for the detector pulse (see Fig.4.12). After the
determination of the maximum of the signal Vmax as well as Tneut1 and Tneut2
that correspond to the positions for the values less or equal than 0.5·Vmax, the
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time mark for the detector pulse Tdet is determined as the center-of-gravity of the
signal between Tneut1 and Tneut2:
Tdet =
∑
iNiti∑
iNi
, (4.8)
where i=(Tneut1, Tneut2).
The choice of the value 0.5·Vmax instead of 0.1·Vmax for the cathode signal
lets us to determine Tdet correctly as the detector signal shape is different for
different incident particles (see Fig.4.8) and Tdet can not be determined as the
center-of-gravity of the signal.
Once TIC and Tdet are known the TTOF can be obtained as:
TTOF = w · Tdet − TIC4t , (4.9)
where4t=1 ns is the step in time scale; w=5ns is the width of the WFD channel.
The time resolution of γ-peak from this method is 2.76 ± 0.06 ns (see Fig.4.13a
).
Fig.4.13b presents the TOF spectrum obtained applying another method that
is more precise in the time mark determination. One could see that the quality of
the time marks determination is very important. During the transformation of the
analogue signal into the digital one, with WFD channel width of 5 ns /channel,
fluctuations of the signal writing in 1-2 channels can appear. After using the
first method of the time mark determination one could observe fluctuations in
the TOF spectrum (see Fig.4.14). The frequency of these fluctuations is about
5 ns that corresponds to the WFD channel width. So, another method can be
used in order to determine the ”start” and ”stop” marks for the TOF spectrum
determination.
A second method of time mark determination uses the correlation between the
reference signal and the experimental signal from the detector [Kor03]. Examples
of both reference signals taken with the oscilloscope are presented in Fig.4.15.
The experimental waveform was separated into 2 arrays that were analyzed
separately : one array - for the cathode signal, and a second one for the detector
pulse. In order to be able to apply the correlation procedure, both experimental
and standard waveforms should have the same time scale. So, the experimental
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Figure 4.13: TOF spectrum obtained from the 2 methods of the time mark determina-
tion: a) - time marks are determined by the center-of-gravity of the cathode and neutron
detector signals; b) - time marks are determined by use of the correlation function.
waveform (5 ns channel width) and the signal from the oscilloscope (0.2 ns channel
width) were transformed into waveforms with 0.5 ns channel width. Then, the
correlation analysis can be performed
Corr(T ) =
∫
S(T − T ′)N(T ′)dT ′ , (4.10)
where Corr(T) is the resulting correlation function; S(T) is the ”standard”
72
4.2 Neutron Identification
260 280 300 320 340 360 380 400
0
3000
6000
9000
12000
 
 
C
o u
n t
s
TOF, ns
 TOF total (method 2)0
3000
6000
9000
12000
 
C
o u
n t
s
 TOF total (method 1)
Figure 4.14: The time-of-flight spectra obtained by the use of 2 methods of the time
mark determination: the center-of-gravity of the cathode and neutron detector signals
(method 1) and the correlation of these signals with the reference ones (method 2).
signal; N(T) is the experimental waveform. Examples of the experimental wave-
forms for the cathode and detector pulses as well as the resulting correlation
function for these signals for one event are presented in Fig.4.16. In order to find
the maximum of the correlation function a parabola fit is applied in the region
of the maximum. The positions of the maximum of the parabolic fit correspond
to the position of TIC and Tdet in ns time scale.
Then, the time-of-flight is calculated as:
TTOF =
Tdet − TIC
4t , (4.11)
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Figure 4.15: The examples of the reference signals registered with the oscilloscope from
the cathode of the ionization chamber (left) and from the neutron detector (right).
where 4t=1 ns. The time resolution of the spectra obtained by this method
is 2.75 +/- 0.08 ns. One can see that the difference in time resolution for the
TOF spectra obtained by 2 different methods for the time mark determination
is rather small in the case of this type of WFD working with the 200 MHz
frequency. One can mention that the second method gives better time resolution
while using the WFD working with higher frequency. Unfortunately, the second
method is more CPU time consuming. However, it is possible to reduce the
analysis time by separating the fission fragment events in coincidence with only
neutrons in separate files and then to analyse these files only. The procedure of
the coincidence events (fission fragments plus neutrons only) selection is given in
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Figure 4.16: Examples of the resulting correlation functions ((c) and (d)) for the ex-
perimental waveforms of the cathode signal from IC (a) and the detector signal (b).
the following paragraph.
4.2.4 Neutron Selection
In order to make the analysis of the fission fragments in coincidence with neutrons,
the proper selection of the neutron events should be done. First of all, all events
with TOF greater than the TOF of the prompt γ are selected. But this selection
is not sufficient as can be seen in the Fig.4.17.
The delayed γ’s from fission and the correlated background events (inelastic
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Figure 4.17: Discrimination between neutrons / γ’s after the elimination of the prompt
γ’s.
scattering on 12C(n,n
′
) of the scintillator material) can arrive in the same time as
the neutrons emitted from the fission event. Such events should be eliminated.
It can be done by applying the PSD method described above. It is possible
to determine the boundary between the neutrons and delayed γ’s plus correlated
background as shown in Fig.4.17. Unfortunately, the separation between neutrons
and delayed γ’s in the region of small Qtot is rather difficult. It was therefore de-
cided to remove the events with Qtot less than Qtot of
241Am (Eγ=59.54 keV)
from the analysis. The TOF spectra for the selected neutrons as well as for the
delayed γ’s are presented in Fig.4.18. On this figure one can see that the back-
ground contribution in the neutron TOF spectrum is very low. So, one can say
that the method used for the neutron selection permits both a proper selection of
the neutron events and a reduction of the background. The remaining correlated
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background will be removed during the neutron energy calculations. After apply-
ing all conditions for the neutron separation, the analysis of the neutron events
can be performed, i.e. the prompt neutron energy spectrum and the detector
efficiency can be determined.
0 200 400 600 800 1000 1200 1400
1
10
100
1000
10000
 
c o
u n
t s
TOF, ns
 TOF neutrons
 TOF delayed γ
Figure 4.18: The neutron and delayed γ time-of-flight spectra.
4.3 Neutron Energy Spectrum
After the selection of the neutron events, the prompt neutron energy spectrum
can be calculated. The energy distribution is obtained using the Time-of-Flight
technique. Knowing the distance between the fission source and the neutron
detector (l=1.47 m) that was covered by the neutron during the time t one can
determine its velocity v = l/t. Then the kinetic energy of the particle can be
calculated in relativistic treatment:
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Figure 4.19: The neutron energy spectrum in laboratory system (not corrected for the
detector efficiency) and the background as a function of the neutron energy.
Ek = m0c
2(
1√
1− β2 − 1), (4.12)
where β = v/c. The resulting neutron energy spectrum is presented in
Fig.4.19. This energy spectrum is not corrected for the detector efficiency and
the correlated background that was not removed completely.
The correlated background Φ(TOF) is constant in the time scale but it has
different behavior in the energy scale. If we transform Φ(TOF) in the energy
scale as:
Φ(En) = Φ(TOF ) · dT
dEn
, (4.13)
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and then plot in En scale (see Fig.4.19), one can see that the correlated back-
ground is not negligible in the region of small En. So, Φ(En) should be extracted
from the neutron energy spectrum in order to determine the experimental detec-
tor efficiency.
4.4 Neutron Detector Efficiency
4.4.1 Experimental Determination
The detector efficiency can be determined by comparing the experimental neutron
energy spectrum to the evaluation performed by Mannhart [Man87]. Usually, the
fission neutron energy spectrum for 252Cf is represented by the Maxwellian shape:
Maxw(E) =
2√
piT
√
E · e−E/T , (4.14)
with T=1.42 MeV, the temperature of the Maxwellian distribution.
Nevertheless, it was shown by Mannhart [Man87] that a deviation of the ex-
perimental fission neutron spectrum of 252Cf exists compared to this Maxwellian
shape as shown in Fig.4.20. In this figure the ratio between the Mannhart evalua-
tion and the Maxwellian spectrum is plotted. Taking into account this Mannhart
evaluation, the detector efficiency is now given by:
(E) =
Nd(E)
Nf ·M(E) · ν · ω4pi
, (4.15)
where
(E) - detector efficiency as a function of the neutron energy;
M(E) - Mannhart evaluation as a function of the neutron energy;
Nd(E) - experimental neutron energy spectrum;
Nf - number of the fission events detected during the experiment;
ω/ 4pi - the detector solid angle (in our experiment ω/ 4pi=0.064%);
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Figure 4.20: Evaluated data of the 252Cf neutron spectrum.
ν - the average neutron multiplicity (ν=3.767).
4.4.2 Simulation
Once parameters of the experimental resolution of NE213 were inferred (see sec-
tion 4.1), the neutron detection efficiency was simulated using the NEFF4 code
(Ref. [Die82]) and compared to the experimental efficiency (see Fig. 4.21). The
NEFF4 code is a Monte Carlo code dedicated to the calculation of the detection
efficiency of NE213 scintillation detectors for fast neutrons in the energy range
from 0.02 MeV to 20 MeV. Fig. 4.21 shows the difference in the efficiency curves
above En=3 MeV. It is due to the rejection of the saturated pulses above 2V (see
paragraph 4.2.1), which reduces the experimental efficiency above this energy.
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As mentioned before, the saturated pulses are caused by the WFD charac-
teristics. These pulses can be seen in Fig.4.2 in the region of 2V on the pulse
height scale. If we calculate the proton recoil energy that corresponds to the light
output of the saturated events (using the equations 4.2 and 4.4), one can see that
Ep is equal to 3 MeV. So, by rejecting the saturated events in the off-line analysis
we reduce the intrinsic efficiency of the neutron detector. Unfortunately, such
events can not be used in the analysis unless the procedure of the signal shape
reconstruction can be applied (see Ref. [Kor03]).
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Figure 4.21: Comparison of the experimental and theoretical detector efficiency.
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Chapter 5
Fission Fragments in Coincidence
with Neutrons
This section describes the fission fragments analysis in coincidence with emitted
prompt neutrons. The resulting fission fragment mass, kinetic energy and total
kinetic energy distributions for the 252Cf(sf) are presented. After the analysis
of the coincidence events, series by series, one could see a very good stability
(see Fig. 5.1). The average counting rate is 0.13 neutrons /sec. The analysis
of the fission fragments in coincidence with prompt neutrons is similar to the
one described in Chapter 3. All above described corrections to the anode pulse
have to be applied. The center-of-gravity and angular distributions of the fission
fragments in coincidence with the emitted prompt neutrons are obtained and
discussed.
5.1 Mass and Energy Distributions
As already mentioned, during the experiment one can measure only the post-
neutron properties such as the post-neutron fragment energy. It was shown that
this characteristic can be found from the anode pulse height. Then, from the
post-neutron energy and mass, one can infer the pre-neutron fragment mass and
energy.
First of all, the proper separation of the fission fragment events in coincidence
with prompt neutrons only was done using the time-of-flight and pulse shape
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Figure 5.1: The number of the coincidence events (fission fragments in coincidence with
only neutrons) acquired by LabView (0.13 neutrons /sec).
discrimination techniques (see Chapter 4). Then the fission fragment events were
analysed. The anode pulse was corrected for the grid inefficiency, ”ballistic” effect
and the real anode pulse height was determined (see Chapter 3). The next step
is the calculation of the fission fragment emission angle.
5.1.1 Kinematics of the reaction
Fission fragment angular distributions were obtained from the center-of-gravity
distributions using the procedure described in Chapter 3. The resulting 2-dimensional
distributions of the cosine of the fragment emission angle versus anode pulse
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height for backing and sample sides are presented in Fig.5.2. One-dimensional
angular distributions for backing and sample sides are given in Fig.5.3.
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Figure 5.2: The resulting two-dimensional distributions of the cosine of the fission
fragment emission angle versus the pulse height for backing (a) and sample (b) sides. The
distributions are obtained for the fission fragments in coincidence with emitted prompt
neutrons.
Comparing these angular distributions with the ones obtained for the fission
fragments without the coincidence with emitted prompt neutrons, one can see a
peak close to θ ∼ 00 not observed in Fig.3.13. This can be explained by:
• the kinematics of the neutron evaporation process, i.e. neutrons are emitted
mainly in the fission fragment motion direction;
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Figure 5.3: One-dimensional angular distributions of the fission fragments in coincidence
with emitted prompt neutrons.
• the geometry of the experiment: our neutron detector was placed in the
axis of the ionization chamber, so it detected more neutrons coming from
the fragments that have been emitted with a small angle θ.
Then the fragment energy (in MeV) can be found from the anode pulse (in
WFD channels) using the procedure described in Chapter 3.
5.1.2 Fragment Mass and Energy Distributions
Using the same analysis procedure as in Chapter 3, the anode pulse height should
be corrected for the fragment energy loss in the target backing and sample. Then
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this corrected anode pulse height was transformed into the fragment post-neutron
kinetic energy. The pre-neutron masses and energies were then calculated from
the post-neutron energies E1 and E2, where indices 1 and 2 correspond to the
two parts of the ionization chamber (backing and sample, respectively) using the
following procedure.
The iteration procedure of the fragment mass and energy determination in
case of the coincidence of the fission fragments with emitted prompt neutrons is
similar to the one described in Chapter 3. Hence, in the case of a neutron emission
it is necessary to take into account the recoil correction of the pre-neutron energies
(see Ref. [Gav74]).
The initial estimates of mass were done by assuming m∗1=m
∗
2=126 amu (for
252Cf). The star superscript designates fission fragment characteristics before
neutron emission. Let us also assume that E∗1=E1 and E
∗
2=E2 for the first itera-
tion. Then the post-neutron mass can be determined as mi=m
∗
i - ν(m
∗
i ), where
ν(m∗i ) are the literature values for the average neutron multiplicity as a function of
a pre-neutron fragment mass (see Ref. [Bud88]). The experimental post-neutron
energies have to be corrected for the Pulse Height Defect (PHD) that is calculated
as explained in Annexe A:
Ecorri = Ei + PHD(mi). (5.1)
After the correction of the post-neutron energy for the PHD, the pre-neutron
energy can be calculated by taking into account the recoil correction (see Ref.
[Gav74]):
E∗i = [1 +
ν(m∗i )
m∗i
] · Ecorri + 2Ecorri · [
Vncosθ
V ∗FF
− 1] 1
m∗i
. (5.2)
Fragment and neutron velocities (V ∗FF , Vn) can be obtained from the well-
known equations:
E∗FF =
1
2
m∗V ∗2ff , (5.3)
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En =
1
2
mnV
2
n . (5.4)
By simple substitution of V ∗ff , Vn from eqs. (5.3 - 5.4) into eq. (5.2) one
finally obtains the pre-neutron fragment energy:
E∗i = [1 +
ν(m∗i )
m∗i
] · Ecorr + 2Ecorr · [
√
m∗iEn
E∗i
cosθ − 1] 1
m∗i
. (5.5)
From the pre-neutron energy E∗i and the mass of the compound nucleus A,
one can calculate the pre-neutron mass as:
m∗1 = A ·
E∗2
E∗1 + E
∗
2
, (5.6)
m∗2 = A ·
E∗1
E∗1 + E
∗
2
. (5.7)
From this point the procedure is repeated with new m∗i and E
∗
i values, with
i=1,2. The values m∗i from the last iteration are compared to the prior values of
m∗i until convergence within 1/8 amu.
The resulting distributions of the pre- and post-neutron fragment masses and
energies are presented in Fig.5.4. From the distribution of the pre-neutron mass
yields one can observe the asymmetry between the light and heavy fragment
peaks. For example, from the distribution of the fragment mass yields for the
sample side of the target one can see that the majority of the detected fission
fragments are the light fragments. This difference in yields for light and heavy
fragments does not exist for the fission fragments without the coincidence with
neutrons (see Fig.3.19). This difference in mass yields can be explained by:
• kinematics of the neutron evaporation process;
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Figure 5.4: Fission fragment pre- and post-neutron mass and kinetic energy distributions
in coincidence with neutrons.
• and the difference in νL and νH .
According to Ref.[Kal05] the average neutron multiplicity for light fragments,
νL=1.71, represents 54.3 % of the total prompt neutron multiplicity, νtot=3.74.
Comparing the mass yields obtained in this work in the light peak YL with the
total yields Ytot of the fission fragment in coincidence with neutrons, one obtains
YL
Ytot
=(59.3 ±0.28) % .
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5.2 Center-of-Mass Neutron Energy Distribu-
tion
From the kinematics of the neutron emission from the fully accelerated fragments
(Fig.5.5) and from the known laboratory system quantities (V labFF , V
lab
n , cosθ
lab) one
can find the neutron center-of-mass velocity Vcm:
θlab
Vlab
θcm
θcm'θlab'
VFF2 VFF1
Vcm'Vcm
θcm
Vcm
Figure 5.5: Schematic representation of neutron emission from the fully accelerated
fragments in both the center-of-mass and laboratory systems.
V 2cm = V
2
FFlab + V
2
nlab − 2 · V labFFV labn cosθlab, (5.8)
where V labn , V
lab
FF , θ
lab are the neutron and fragment velocities and the neutron
emission angle, respectively, in the laboratory system. As soon as we know the
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fragment and the neutron energies and masses in the laboratory system, the
equation 5.8 can be expressed as:
Ecmn =
ElabFF
M labFF
+ Elabn − 2Elabn
√
ElabFF
Elabn M
lab
FF
· cosθlab (5.9)
According to standard nuclear evaporation theory the center-of-mass energy
spectrum corresponding to a fixed residual nuclear temperature T is given as
(Ref.[Wei37]):
Φ(Ecmn ) =
Ecmn
T
· exp(−Ecmn /T ). (5.10)
Then the evaporation spectrum for neutrons emitted in a cascade process was
expressed by [LeC59]:
Φ(Ecmn ) = const · (Ecmn )λ · exp(−Ecmn /Teff ). (5.11)
We have fitted the obtained center-of-mass neutron energy spectrum (inte-
grated over all fission fragments) with Eq.5.11 where the parameters λ and the
effective temperature Teff were two free parameters (see Fig. 5.6). We obtained
values λ=0.379±0.005 and Teff=0.966±0.006 MeV. Here, the given uncertainties
are only statistical errors. The obtained parameter λ is in very good agreement
with the one determined by Budtz-Jørgensen [Bud88] (λ=0.38). While the value
of the effective temperature is reasonably good agreement with the one given
in [Bud88] (Teff=1.07 MeV). In additional, from this spectrum we obtained the
average neutron energy En=2.15 MeV
5.3 Neutron Multiplicity
Another aim of this work was also to show that the procedure used for the neutron
analysis allows a good determination of the average prompt neutron multiplicity
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Figure 5.6: Fission neutron energy spectrum in the center-of-mass system (indicated
errors are due to the statistics).
as a function of the fragment mass. This neutron multiplicity can be determined
as (see Ref.[Gav74]):
ν(m∗1, TKE
∗
1) =
4pi
NT (m∗1, TKE
∗
1) · ω
×
∑
V labn
N1(m
∗
1, TKE
∗
1 , V
lab
n ) · V cmn · (V labn − VFF cosθ)
(V labn ) · V 2n
, (5.12)
where
NT (m
∗
1, TKE
∗
1) - the total number of the fission fragment events at the given
pre-neutron mass and kinetic energy;
N1(m
∗
1, TKE
∗
1 , V
lab
n ) - the number of the fission fragment events for which the
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neutron velocity V labn was detected;
θ - the neutron emission angle;
VFF - the fission fragment velocity;
V cmn - the neutron velocity in the fragment center-of-mass frame;
(V labn ) - the detector efficiency as a function of the neutron velocity V
lab
n ;
ω/4 pi - the solid angle of the neutron detection system.
By simple substitution of velocities by energies one obtains:
ν(m∗1, TKE
∗
1) =
4pi
NT (m∗1, TKE
∗
1)ω
×
∑
Elabn
N1(m
∗
1, TKE
∗
1 , En)
√
2Ecmn (
√
2Elabn −
√
2EFF
m∗1
cosθ)
2 · (Elabn ) · Elabn
. (5.13)
The neutron energy in the laboratory system was transformed into the the
center-of-mass system as explained in paragraph 5.2 and in Ref.[Bud88]. Fig-
ure 5.7 illustrates the resulting average prompt neutron multiplicity for 252Cf(sf)
as a function of the pre-neutron fragment mass obtained by use of the digital
technique. These data start from M=80 amu up to M=180 amu. Comparing the
obtained values to the well-known literature values one observes only small differ-
ences with the data from Budtz-Jørgensen (see Ref.[Bud88]) and larger differences
with the data of Bowman (see Ref.[Bow62]).
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Figure 5.7: Comparison of the average neutron multiplicity obtained in this work with
literature data (Ref.[Bud88], Ref.[Bow62]).
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Chapter 6
Conclusions
In this work the successful application of the digital technique to nuclear ex-
periments was demonstrated. This technique was successfully applied to the
determination of the fission fragment and prompt neutron characteristics in the
case of spontaneous fission of 252Cf.
The digital technique presents several advantages compared to the more tra-
ditional analogue technique:
1. it is possible to simplify the traditional analogue experimental set-up with
separate units used for the separation and storage of the experimental data;
2. all necessary information on the fission fragment and prompt neutrons prop-
erties can be determined from the digitalized pulses of the fission fragment
and neutron detectors. Different methods for the off-line analysis of the
digitalized pulses can be applied in order to extract the necessary informa-
tion;
3. the choice of the off-line analysis methods is limited only by the imagination
of the scientist;
4. it is possible to develop a special procedure for the correction of the pile-up
affected pulses that will permit to keep such pulses in the analysis, i.e. in
order to increase statistics and to get a reliable pulse height determination;
Using the digital technique we were able to:
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1. determine the grid inefficiency of the meshed grid directly from the anode
signal of the ionization chamber;
2. reconstruct the well-known literature values for the 252Cf(sf) such as energy
distributions, mass yields, prompt neutron energy spectra in the laboratory
and center-of-mass systems and the average prompt neutron multiplicity as
a function of the fragment mass;
3. obtain a reasonably good n-γ separation using the pulse shape analysis;
4. obtain time resolution for the TOF spectrum smaller than the WFD channel
width by sending the signals from the cathode of the IC and the neutron
detector to one channel of WFD;
So, this technique seems to be appropriate for the studies of the fission frag-
ment and prompt neutron characteristics for 252Cf(sf) and can be also used for
the investigations of the prompt neutron multiplicity fluctuations in the reso-
nance energy region for 239Pu. Nevertheless, it requires that the problem of the
too high dead time (mainly due to the LabView software) should be solved.
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Resume
Ce travail de the`se de´crit la mise en place d’un dispositif expe´rimental base´ sur la
digitalisation des signaux et de´die´ a` l’e´tude des neutrons prompts de fission e´mis en
coincidence avec les fragments de fission lors de la fission spontane´e du 252Cf. Ce dis-
positif comprend une chambre a` ionisation utilise´e pour la de´tection des fragments de
fission ainsi qu’un scintillateur liquide de type NE213 pour la de´tection des neutrons
prompts. Nous montrons comment l’analyse de´licate des signaux digitalise´s nous a
permis de de´terminer a` la fois les distributions en masse et en e´nergie cine´tique des
fragments de fission ainsi que le spectre en energie et la multiplicite´ des neutrons de
fission.
Mots clefs : Digitalisation des Signaux, Spectroscopie de Fragments de Fission,
Spectroscopie de Neutrons Prompts, Scintillateur, Fission Spontane´e du 252Cf.
Abstract
The present work demonstrates the application of the digital technique for nuclear mea-
surements. This method has been implemented for measurements of promptly emitted
fission neutrons in coincidence with fission fragments from 252Cf(sf). A double Frisch-
grid ionization chamber is used as fission fragment detector. The promptly emitted
neutrons are detected by a NE213 liquid scintillation detector. This work displays how
delicate analysis of the digitalized signals permitted us to infer the mass and kinetic
energy distributions of the fission fragments as well as the neutron energy spectrum
and multiplicity.
Keywords : Waveform Digitizer, Fission Fragment Spectroscopy, Neutron Spec-
troscopy, Scintillator, Spontaneous Fission of 252Cf.
